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Abstract 
Phosphorus chemical shift of deoxyribonucleic acids (DNAs) contains 
wealthy information about the backbone structures. In order to correlate the ^'P 
chemical shift of a nucleotide in a DNA sequence with its backbone structure, it is 
necessary to derive a set of reference values to compensate the effects from its own 
base and from its neighboring nucleotides. Random coil DNA^'P chemical shifts 
seem to be an appropriate candidate to serve as the reference values for 
compensating these effects. The objectives of this project are two folded: (1) to 
determine the temperature and sequence effects on random coil DNA^'P chemical 
shift and (2) to develop a random coil DNA '^P chemical shift prediction protocol. 
Random coil DNA phosphorus chemical shift has been studied by using 
sixteen 17-nucleotide DNA sequences. Due to the presence of residual base stacking 
in these sequences, the temperature and sequence effects were investigated at 50 and 
55 °C. The temperature effect on ^'P chemical shift has been shown to be negligibly 
small. Based on the sequence effect analysis, the phosphorus chemical shift of a 
specific nucleotide in a random coil DNA sequence has been shown to depend 
mainly on the types of its 5'- and 3'-nearest neighbors. A dimer and a trimer model 
random coil DNA phosphorus chemical shift prediction protocols have been 
developed. The prediction results of these two protocols have also been compared 
and the trimer model prediction protocol has been found to be more accurate and 
reliable. 
Some of the results in this thesis have been reported in the following 
publications: 
(1) Lam, S. L.; Ip, L. N•； Cui, X. D.; Ho, C. N. J. Biomol NMR, 2002，24, 329-337. 
X 
(2) Kwok, C. W.; Ho, C. N.; CM, L. M,； I ^ , S. L. J. Magn. Reson,’ 2004,166,11-
18. 
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C H A P T E R O N E 
L I T E R A T U R E S U R V E Y O F P H O S P H O R U S C H E M I C A L 
SHIFT STUDIES O F D N A 
1.1 Introduction 
Solution structures of deoxyribonucleic acids (DNAs) are useful for a wide 
range of areas such as DNA-drug design (1.1) and studying of protein-DNA 
recognition (1.2)，DNA replication and repairing processes (1.3). Knowledge of the 
backbone conformation is important in defining the overall D N A structure. 
Conventionally, solution D N A structure is determined by refining a model structure 
with a set of nuclear magnetic resonance (NMR) structural constraints including 
nuclear Overhauser effect (NOE) derived distances and scalar coupling derived 
torsion angles. Due to the severe spectral overlapping of the protons along the 
backbone, the chemical shift assignments of these protons are usually ambiguous. 
Therefore, the number of distance and torsion angle constraints derived from these 
protons is very limited, leading to a difficultly in defining the backbone 
conformation. 
N M R spectroscopic studies (1.4-1.13) have shown that phosphorus (^ P^) 
chemical shift contains wealthy structural information on D N A backbone 
conformation. Therefore, ^ 'P chemical shift can be used to enrich the number of 
backbone structural constraints. In order to make use of ^'P chemical shift in 
determining solution D N A structures, it is necessary to correlate the ^ 'P chemical of 
a nucleotide in a D N A sequence with its backbone structure. To achieve this, one 
fundamental step is to derive a set of reference values to compensate the effect from 
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its own base and from its neighboring nucleotides. Random coil D N A ^^ P chemical 
shifts seem to be an appropriate candidate to serve as the reference values. In this 
project, the sequence effect on random coil DNA^^P chemical shift has been studied 
and a random coil ^ P^ chemical shift prediction protocol has been developed. To 
facilitate the understanding of this work, the following sections provide a general 
review of D N A structure and a literature survey on D N A '^P chemical shift studies. 
1.2 General Review of D N A Structures 
The standard nomenclature and the definitions of structural parameters 
introduced in this Chapter are based on the publication "Presentation ofNMR 
Structures of Proteins and Nucleic Acids" recommended by lUPAC-IUBMB-IUPAB 
(1.14). 
1.2.1 Nomenclature, Symbols and Atomic Numbering Scheme 
D N A is a biopolymer consisting of deoxyribonucleotides as its repeating unit. 
Each nucleotide is composed of an aromatic base, a deoxyribose sugar, and a 
phosphate group (Figure 1.1). Aromatic base can be classified into purine type and 
pyrimidine type. The two common purine bases found in D N A are adenine and 
guanine. Thymine and cytosine are the two common pyrimidine bases. 
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Purine Bases Pyrimidine Bases 
Guanine (G) Adenine (A) Thymine (T) Cytosine (C) 
p H\ /H O H\ /H 
H 人 X ” c A 儿 H o ^ A 
M 
？ 力 5, Base 〇——p——0-V o h  
• 1 H 5 " Z 
o Kh3' HZ/I . > H r 
phosphate 






Figure 1.1. Chemical structure of a nucleotide. 
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In a polynucleotide, the deoxyribose sugar moieties are linked by 3，，5’-
phosphodiester bonds forming a sugar-phosphate backbone (Figure 1.2). The 
conformation of the sugar-phosphate backbone is characterized by torsion angles a, 
"，y, 5，6 and The common notations used in spectroscopic and crystallographic 
publications to describe ranges of torsion angles are cis (c: 0 士 30°)，trans (t: 180 士 
30°), -gauche (g: -60 士 30。)，and +gauche (g+: 60 士 30。). 
For the backbone conformation, the Bj and Bn states, which represent ground-
state minima with the P-0 and C-0 torsion angles in the staggered conformations, 
are commonly found (1.6). The Bi conformation represents the low-energy 
phosphate state that the torsion angles e，o; and /5 adopt t, g", g" and t, respectively. 
The Bii conformation represents the high-energy phosphate state that the torsion 
angles 6, a and (3 adopt g", t，g", t, respectively. Based on molecular orbital 
calculations, the Bi state is estimated to be less than 1.0 kcal/mol lower energy than 
the B i i state, allowing a rapid junip between the Bj and Bh states. Therefore, the 
backbone conformation is usually analyzed in terms of the fractional population of Bi 
and Bn states. 
Aromatic bases are attached to the CI' position of the sugar moiety through 
N-glycosidic bonds. The orientation of the base relative to the sugar is given by the 
torsion angle % (Figure 1.2). The base can adopt either a syn or an anti orientation. 
The syn orientation indicates the aromatic base is pointing towards the sugar, 
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Figure 1.2. Atomic numbering scheme and definition of torsion angles for a 
polydeoxyribonucleotide chain. 
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Deoxyribose sugars are generally non-planar and their conformations are 
defined by the endocyclic torsion angles vq to V4 (Figure 1.2). The conformation can 
be described by the phase angle of pseudorotation (P) and the puckering amplitude 
(\f/m)- The endocyclic torsion angles and the pseudorotation phase angle have the 
following relationship (1.15): 
P = tan- 丨 [ 1 . 1 ] 
2-V2 - (sin 36° +sin 72°) 
Two thermodynamically stable sugar conformations are commonly observed 
in structural analysis of nucleotides (1.16): the north state (N: 0° < P < 36°) and the 
south state (S: 126° < P <216°). The sugar conformation is usually analyzed in 
terms of the fractional population of the S and N states. 
The definitions of the torsion angles describing the backbone geometry, the 
sugar conformation and the base orientation are summarized in Table 1.1. 
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Table 1.1. Definition of torsion angles. 
Torsion angle Atoms involved 
a 03'i.i-Pi-05'i-C5'i 
p P 厂 O y 厂 C5’厂 C:4’i 
y 05’厂 C5’厂（：4’厂 C3’i 
6 C5，i-C4，「C3’「03’i 







X(pyrimidines) 04’厂 CI’ 厂 N 1 厂 C2i 
X (purines) 04’「Cr「N9「C4i 
a Atoms designated (i-1) and (i+1) belong to adjacent units of residue i. 
1.2.1 Conformations of DNA 
D N A is very flexible and able to adopt not only double helical structures but 
also other structures such as hairpin (1.17), random coil (1.18)，single strand helix 
(1.19), triplex (1.20) and G-quartet (1.21). The three main types of double helical 
structures are A-DNA, B-DNA and Z-DNA (Figure 1.4). B-DNA is believed to be 
the native conformation occurring in chromatin. A-DNA is found when the relative 
7 
humidity is reduced below 75%. Under high salt or alcohol condition, Z-DNA 
occurs in alternating poly (G-C) sequences (1.22). 
(a) (b) (c) X 
續 
Figure 1.3. Ball-and-stick models of idealized forms of (a) A-DNA, (b) B-DNA and 
(c) Z-DNA. 
1.2.2 Random Coil State 
When a D N A duplex is unfolded at high temperatures or by denaturing 
agents such as urea or guanidine hydrochloride, helix-coil transition takes place 
(1.17). The hydrogen bonds between the base pairs of the duplex are broken and an 
unstructured random coil is formed. N M R parameters of random coil D N A can 
generally serve as reference values for D N A structural work. However, it is difficult 
to define random coil D N A structural parameters because the N M R chemical shifts 
show pronounced sequence dependence even for "unstructured" flexible forms of the 
polynucleotides (1.23). Besides, the measurement with low molecular weight model 
compounds may be strongly influenced by intermolecular interactions. Only a few 
8 
structural parameters have been determined to define random coil DNA. For the 
sugar conformation, random coil D N A prefers to adopt the S-state (1.24). For the 
backbone conformation, random coil D N A prefers to adopt a mixture of Bi and Bn 
states (1.6). 
1.3 Phosphorus Chemical Shift Studies of D N A 
Because of the 100% natural abundance of^^P, ^ 'P N M R studies of D N A are 
feasible. During the last three decades, extensive ^ P^ N M R studies on double helical 
D N A s have been carried out. 
i70-labelling methodologies were originally developed to assign the ^ P^ 
signals in a number of oligonucleotide duplexes (1.25) and polynucleotides (1.26). 
However, site-specific labeling of oxygens in the phosphate backbone with ^ ^O or 
i7(y8o methodology are both expensive and time consuming. Multidimensional 
N M R spectroscopy, such as Heteronuclear Correlation (HETCOR) (1.27) and 
Heteronuclear Single Quantum Coherence (HSQC) (1.28), has provided alternative 
methods for the assignment of ^'P chemical shifts. 
chemical shifts are sensitive to the D N A backbone conformation. As the 
backbone torsion angles change, the deshielding effect of the ^ 'P nucleus changes 
(1.3，1.6). Several studies have been carried out to demonstrate the relationship 
among the ^'P chemical shift, the backbone torsion angles e and 广 i n D N A duplexes 
31 
(1.5-1.8). A linear correlation has been found between P chemical shift and e. In 
addition, e has been shown to correlate with ^ by the equation (1.13): 
^ =-317 - 1.236 [1.2] 
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The sequence and position dependence of^^P chemical shift of D N A 
duplexes have also been studied (1.9). Due to the base pairs closer to the duplex 
terminals adopt the Bi conformation while the base pairs in the middle of the duplex 
adopt a mixture of the Bi and Bn conformations, the Bj conformation has been found 
to be responsible for the more upfield ^ 'P chemical shift. The main factor on the ^ 'P 
chemical shift of a nucleotide in a D N A duplex has also been suggested to be the 
types of its flanking bases (1.11). 
Quantum mechanical chemical shift calculations have demonstrated that the 
change in ^ 'P chemical shift is linearly related to changes in the torsion angle ^ (1.4). 
In addition, there are indications that ^ 'P chemical shift depends on some extent on 
the location and nature of surrounding polarizing entities such as the counter-ions. 
Temperature dependence of D N A '^P chemical shift has also been studied by 
monitoring the chemical shift melting curve (1.8). The general downfield shift at 
elevated temperatures of various double helical DNAs reflects the transition of base 
stacked, double helix to unstacked, random coil. The phosphate conformation goes 
from B i type in the duplex to a random mixture of the B! and Bn conformations in the 
single-strand random coil. 
1.4 Purpose of This Work 
Random coil DNA^'P chemical shift seems to be an appropriate candidate to 
serve as the reference values for studying chemical shift and structure relationship. 
The primary goal of this project is to study the temperature and sequence effects on 
random coil DNA^^P chemical shift and to develop a ^'P chemical shift prediction 
protocol for any random coil D N A sequences. Sixteen 17-nucleotide D N A 
sequences have been used to study the sequence effect on random coil DNA^'P 
10 
chemical shift. The methodology and results are described in Chapters T W O and 
THREE, respectively. 
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C H A P T E R T W O 
Methodology for Studying the Sequence Effect on Random 
Coil Phosphorus Chemical Shift 
2.1 Introduction 
Random coil D N A chemical shift is sequence-dependent because the ring 
current effects from the aromatic bases and the electrostatic contributions from the 
backbone phosphates are variable (1.20，2.1). In this Chapter, the methodology for 
studying the sequence effect on random coil D N A '^P chemical shift is described. 
2.2 Determination of Sequence Effect 
Figure 2.1 shows the neighbor model used in studying the sequence effect in 
this project. Symbol X represents the nucleotide that its ^ P^ chemical shift is going 
to be measured. IstN^ ', 2ndN^' and 3rdN^' represent the 5'-nearest, next nearest and 
third neighbors of X，respectively. Similarly, IstN^，2ndN^ and 3rdN^' represent the 
corresponding neighbors on the 3'-end of X. To study the sequence effect, which 
includes the nearest and the next nearest neighbor effects, one of these neighbors is 
substituted by another type of nucleotides and a comparison is made on the ^ P^ 
c y 
chemical shift of X. A substitution of IstN allows the determination of the 5'-
nearest neighbor effect on the ^'P chemical shift of X. Other neighbor effects can be 
determined with appropriate substitution of the neighboring nucleotides of X. 
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5，-nearest neighbor 3 ’ -nearest neighbor 
T T 
3rdN^' -2ndN^' - IstN^' - pX - IstN^' - 2ndN^'- 3rdN^' 
A A A • 
5，-next nearest neighbor 3, -next nearest neighbor 
5，-third neighbor 3，-third neighbor 
Figure 2.1. Neighbor Model. 
2.3 Design of Sequence 
Sixteen 17-nucleotide D N A sequences, namely SSI to SSI6，have been 
designed to investigate the sequence effect on random coil ^ 'P chemical shift (Table 
2.1). All these D N A sequences have a common pattern as follows: 
Each sequence contains four different types ofNi^ 'XjNj^  trimers (i = 1, 2，3，4) 
separated by thymine nucleotides. These sequences have been employed to study the 
random coil proton (2.2) and carbon (2.3) chemical shifts successfully. 
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Table 2.1. D N A sequences used in this study. 
Sequence Nucleotide Position 
Name  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
551 T C C C T T A G T A G A T G C T T 
552 T G C C T C T G T T G A T A C T T 
553 T A C C T G T G T C A A T T C T T 
554 T T C C T A T G T G A A T C G T T 
555 T C G C T T T G T A A A T G G T T 
556 T G G C T C C G T T A A T A G T T 
557 T A G C T G C G T C T A T T G T T 
558 T T G C T A C G T G T A T C A T T 
559 T C A C T T C G T A T A T G A T T 
5510 T G A C T C G G T T T A T A A T T 
5511 T A A C T G G G T C C A T T A T T 
5512 T T A C T A G G T G C A T C T T T 
5513 T C T C T T G G T A C A T G T T T 
5514 T G T C T C A G T T C A T A T T T 
5515 T A T C T G A G T C G A T T T T T 
5516 T T T C T A A G T G G A T C C T T 
2.4 Sample Preparation 
All the D N A sequences were synthesized using solid-phase phosphoramidite 
chemistry in an Applied Biosystems Model 392 D N A synthesizer and purified by 
polyacrylamide gel electrophoresis. The concentrations of purified D N A samples 
were kept at 1.0 m M by dissolving in 0.5 jLtmol D N A in 500 jul solution containing 8 
M urea, 0.1 m M 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), 150 m M sodium 
chloride and 10 m M sodium phosphate at pH 7. The samples were dried and re-
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dissovled in 99.9% D2O twice and finally put into 5 m m Wilmad PP528 N M R tubes. 
Apart from the 16 sequences, Table 2.2 shows four other 17-nucleotide, four 15-
nucleotide and two 11-nucleotide D N A sequences that were also synthesized and 
purified for testing the accuracy of the random coil ^ 'P chemical shift prediction 
protocol. 
Table 2.2. Additional D N A sequences used in testing the ^ P^ chemical shift 
prediction protocol. 
c. Nucleotide Position 
Sequence  
Name 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
TSl T C T A T A G C T G C G T T G T T 
TS2 T T T C T C C T T A A G T G G A T 
TS3 T A G C T A G G T A G T T A G A T 
TS4 T A G C T A G G T A C T T A C A T 
TS5 T A C C C G G A C A G A G C T 
TS6 T G C C A A A C G C G A A G T 
TS7 T G C A G G G C C A A C G A T 
TS8 T G G G A A C C C A C G A C T 
TS9 G T A G C T A G G T G 
TSIO G T A G C T A G G T C 
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2.5 Measurement of Phosphorus Chemical Shift 
In order to extract the ^ 'P chemical shift of all D N A sequences, resonance 
1 2 1 
has to be sequentially assigned first. Secondly, H- P heteronuclear correlation 
experiments have to be performed to assign the ^ 'P resonances. In this study, all 
N M R experiments were performed on a Bruker ARX-500 N M R spectrometer 
operating at 500.13 MHz. A 5 m m inverse broadband probe was used and the 
acquired spectral data was processed using Bruker X W I N - N M R software. 
2.5.1 Proton Resonance Assignments 
D N A chemical shift can be determined by performing two dimensional 
(2D) homonuclear experiments. Conventionally, nuclear Overhauser effect 
spectroscopy (NOESY) (2.4) is used for the sequential assignment of H6/H8 and 
Hr/H2VH2" (2.5). Scalar coupled correlation experiments such as double quantum 
filtered-correlation spectroscopy (DQF-COSY) (2.6) and total correlation 
spectroscopy (TOCSY) (2.7) experiments are used to assign the HI', H2，，H2" and 
H3'. 
N O E S Y experiment delineates through space connectivity between spins 
separated by less than 5 A . For sequential assignment purpose, the through space 
connectivity N O E can be divided into two types: (i) intranucleotide N O E and (ii) 
intemucleotide NOE. Intranucleotide N O E involves the magnetization transfer 
between a pair of spins in the same nucleotide whereas intemucleotide N O E involves 
the magnetization transfer between a pair of spins from two different nucleotides. 
Figure 2.2 shows the intranucleotide N O E connectivities between the H6/H8 and 
HI VH2VH2" resonances of the upper residue. These HI，/H27H2’’ resonances also 
exhibit intemucleotide N O E connectivities with the H6/H8 resonance of the next 
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residue. Therefore, the H6/H8 and Hl'/H2'/H2" regions of the NOESY spectrum 
can usually be used as the fingerprint regions for sequential assignments of 'H 
resonances. Figure 2.3 shows the H6/H8-H1 ’ region of 2D NOESY spectrum of 
SSI. The arrows indicate the sequential connectivities between the intemucleotide 
N O E cross peaks and the intranucleotide NOE cross peaks. 
o 
Base |—H6/H8 
O — — P — O ^ o 丨I ？^々 
,〇 R H 3 ' H纳.......></ 
UO" ^ 
n 2 ^ . . . . . . . . . . . . . . . ......... 
o  
〇 一 P — 〇 ] O 
O \ H H / 一 一 Intranucleotide N O E 
/ h 
< > Intemucleotide N O E 
〇 H 
Figure 2.2. Sequential 'H resonance assignment of D N A using NOESY experiment. 
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p p m j — 
5.6- f 1 
5.8-
’ AlO . T9 
H I 6.。_ 
6.2_ ^ ” ^ ^ ^ J 
k , C4 i ^ - ^ T l tI 劣I 
^ C3 T17 T13 
6.4 1 1 1 1 1 l ' " " " " l I I I I'"……I"••丨 
8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 73 ppm 
H 6 / H 8 
Figure 2.3. H6H8-H1' region of 2D NOESY spectrum of SSI (5，-
TCCCTTAGTAGATGCTT-3，)• 
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COSY and TOCSY spectra show the through bond connectivity between 
scalar coupled protons, which are usually separated by two or three bonds (Figure 
2.4). TOCSY also shows relayed correlation peaks between protons which are 
separated by more than three bonds (e.g. HI，-H3’ and HI ’-H4，). The correlation 
peaks from these experiments are useful for the assignment of the deoxyribose. 
o  
B a s e 卜 H 6 / H 8 
O — P — — 0 - n o ^ r ^ 
? � | Z \ 
O K H 3 ' f Hr 
^ “ Through bond 
H 2 " connectivity 
Figure 2.4. ^ H resonance assignment of D N A using COSY/TOCSY experiment. 
In this study, the most upfield signal of DSS was set at 0 ppm to serve as an 
internal chemical shift reference. 2D NOESY experiments were performed at 1 sec 
mixing time with the time-proportional phase incrementation (TPPI) phase cycling 
method (2.8). The recycling delay was set to two seconds. 512 free induction 
decays (FIDs) were collected. Each FID consists of 4096 complex data points and at 
least 24 scans were acquired. The acquired data matrix was finally zero-filled to give 
a 4k X 4k data set with cosine window function applied to both dimensions. 2D 
DQF-COSY experiments were performed using the TPPI phase cycling method (2.8) 
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with a 4k X 512 data size. A sine bell window function was applied in order to 
enhance the resolution. Zero-filling and baseline correction were applied to both 
dimensions to generate a 4k x 4k data matrix. The DQF-COSY spectra were also 
used to for the measurement of the V h h coupling constants. The details on how 
sugar conformations can be determined from these coupling constants are given in 
Section 2.6. TOCSY experiments were performed using M L E V 17 composite pulse 
(2.7) sequence and the TPPI phase cycling method with a4k x 512 data size. Zero-
filling, baseline correction and cosine bell window function were applied to both 
dimensions to generate a 4k x 4k data matrix. 
2.5.2 Phosphorus Resonance Assignments 
chemical shift can be determined by heteronuclear correlation 
experiments. HSQC experiment which can yield cross peaks for H3，i-i-Pi, H4VPi, 
H5'i-Pi and HS'VPi is commonly used for ^ 'P resonance assignment. Based on the 
H3' assignment, the ^'P resonance signals can be assigned feasibly. If peak 
overlapping is serious and ambiguity exists, HSQC-TOCSY experiment (2.9) can be 
performed to study the correlation of HI 'i-i-Pj and H3，i-i-Pi. The ambiguity of the 
H3'i-i-Pj assignments can be removed by the assignment of the more well-resolved 
HI‘ region. Figure 2.5 shows the HI' and H3' regions of ^H-^ P^ HSQC-TOCSY 
spectrum of SSI. 
In this study, ^ H-^ 'P HSQC experiments were performed with the TPPI 
method (2.8). A 4k x 256 data was acquired. The spectral width was 11 ppm 
with the carrier frequency positioned at the residual H D O signal. The ^ 'P spectral 
width was 1 ppm. Heteronuclear decoupling was executed by WALTZ-16 
composite pulse decoupling sequence (2.10-2.12). Zero-filling and baseline 
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corrections were applied to generate a Ik x Ik data matrix. ^ 'P chemical shifts were 
indirectly referenced to DSS using the derived nucleus-specific ration (H) of 
0.404808636 (1.14). HSQC experiments were performed at 25, 50 and 55。C 
in order to determine the temperature effect on the random coil ^ 'P chemical shift. 
For iH-3ip HSQC-TOCSY experiments, a DIPSI-2 composite pulse sequence (2.13) 
was used in the isotropic mixing period of 64 ms. The experimental parameters were 



































































































































































































2.6 Determination of Sugar Conformation 
Sugar conformation can be determined from the VRH-couplings of the sugar 
protons. As the sugar ring does not usually occur as a single conformer, the 
variations in the Vhh coupling constants are used to analyze the sugar conformation 
in terms of the fractional populations of the two thermodynamically stable S-state 
(%S) and N-state (%N) (2.14). From the X-ray structure data, the average 
pseudorotation phase angle (P) for the pure S-state is 18° and for the pure N-state is 
153°. These values can be used to approximate the possible range of the sum of 
3«/hi,h2，and3Jhi，h2”coupling constants (E 1 '= Vhi'H2' + Vhi'h2"； for P = 18°, D 1' = 9.4 
Hz, and for P = 153°, E 1' = 15.7 Hz). The Vhh coupling constants can be extracted 
by measuring the antiphase splitting from 2D DQF-COSY spectrum (Figure 2.6). 
Assuming the measured coupling constants represent the weighted average in the two 
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Figure 2.6. HI '-H2'/H2" region ofDQF-COSY spectrum of SSI (5’-
TCCCTTAGTAGATGCTT-3'). 
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2.7 Determination of Backbone Conformation 
Backbone conformation of D N A can be analyzed in terms of the fractional 
populations of the two thermodynamically stable Bi (%Bi) and Bn states (%Bii). 
This can be achieved by determining the backbone torsion angle e from the 
heteronuclear coupling constant V h 3 ' p via the Karplus equation (2.16): 
Vh3'p= 15.3 cos 2 (6 + 120°) - 6.1 cos {e + 120°) + 1.5 [2.2] 
From crystal structure data, the average e torsion angle value for the Bj state 
is -190° and for the Bn is -105° (2.17, 2.18). These e values can be used to 
approximate the possible range of coupling constants (for e = -105°, V h 3 ' p = 10.0 Hz, 
and fore = -190°, Vh3'p= 1.3 Hz). Assuming the measured coupling constants 
represent the weighted average in the two states, %Bi can be estimated using the two 
extreme values of 6 and the following equation (1.6): 
o/oB, = ? 請 — — � 3 ^ - 1 0 5 。) X 匪 
V"3.“-190�)-3«/聊(-105°) 
The V h 3 t coupling constant can be extracted by measuring the antiphase 
splitting from selective heteronuclear COSY spectrum (Figure 2.7). Some of 
the /-couplings are absent due to the partial cancellation of the antiphase components 
of overlapping cross peaks. In this study, selective ^H-^ P^ heteronuclear COSY 
experiments (2.19) were performed with the States method (2.20). At least 200 FIDs 
were acquired for each experiment and each FID contains Ik data points. The 'H 
spectral width was 11 ppm and the ^ 'P spectral width was 1 ppm. A low-power 1.5 
25 
ms rectangular shape was used as the selective 180 pulse in the experiment. A 30° 
phase-shifted sine bell and a cosine window function have been applied to F] and F2 
dimensions, respectively. Zero-filling and baseline correction were applied to both 
dimensions to generate a 16k x 16k data matrix. 
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Figure 2.7. H3' region of selective heteronuclear COSY spectrum of SSI (5'-
TCCCTTAGTAGATGCTT-3 ’). 
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C H A P T E R T H R E E 
R E S U L T S A N D DISCUSSION O F R A N D O M COIL 
P H O S P H O R U S C H E M I C A L SHIFT O F D N A 
3.1 Introduction 
In order to study the sequence effect on random coil DNA^'P chemical shift, 
the 3ip chemical shifts of the sixteen 17-nucleotide D N A sequences (SSI-SSI 6) have 
been measured. The ^'P chemical shift of a specific nucleotide in a random coil 
sequence has been shown to depend mainly on the types of its nearest neighbors. In 
this Chapter, two models, namely the dimer model (N pX) and the trimer model 
(N pX N ) ， h a v e been proposed to establish the random coil D N A P chemical shift 
databases and prediction protocols. 
3.2 Resonance Assignments 
The aromatic ^ H regions of all sequences are quite well resolved at 25 °C 
(Figure 3.1). Therefore, all resonance assignments were performed at 25 °C except 
for SS7 and SS16. The chemical shifts of SS7 and SS16 were recorded at 35 °C 
because some of the aromatic peaks are broad at 25 °C but sharpened at 35 °C. 
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Figure 3.1. (A) Aromatic regions of the N M R spectra of SSI - SS8. 
(to be continued) 
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A 1 5 丁 5 
G 8 T 1 7 T 1 0 j l l 
A15j|A12 A3 G8 G6 ^17 T5 
SSll i 1 i 1 li T b 。 • 麗 T 1 
T I 5 
A 3 A 1 2 G 1 0 G 8 G 7 T17 T 1 6 T 1 T2 丁 （ 3 丁 5 
T 1 7 T5 
A12A10 GMgs T3 T16 ,5 
SS13 1 1 A, K U W A ^ A A 
G2 T丨 6T5TIO 
A 7 0 8 C 1 V . T 3 ^ ^ 
T 1 6 T 1 5 
A尸 A 1 2 A 7 G 8 沉 T 1 7 l P 4 SS13 1 i 1 u I 1 
on T3T2 
SS16 A A I a a a A A m J K A 
‘—I—‘—I—‘—I—“—I—‘—I—‘—I—‘—I—‘ 
8.4 8.2 8.0 7.8 7.6 7.4 p p m 
Figure 3.1. (B) Aromatic regions of the N M R spectra of SS9 - SS16. 
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3.2.1 Proton Resonance Assignments 
The aromatic ^ H resonances of SS1-SS16 sequences shown in Figure 3.1 
were based on the N O E sequential assignments (Appendix I). The deoxyribose ^ H 
assignments were based on the scalar-coupled correlation peaks in the DQF-COSY 
and TOCSY spectra. The assignment results are tabulated in Appendix II. 
3.2.2 Phosphorus Resonance Assignments 
Based on the HI' and H3' assignment, the ^ 'P chemical shifts of SSI-SSI 6 
sequences were assigned using the ^H-^ P^ HSQC and HSQC-TOCSY spectra. The 
chemical shift values are also summarized in Appendix II and the ^H-^ 'P HSQC 
spectra with assignment results are shown in Appendix III. 
3.3 Verification of Random Coil State 
Although SSI-SSI 6 were prepared in 8 M urea solution, it is necessary to 
verify there is no secondary structure. Variable temperature chemical shift study 
has been performed and the sugar and backbone conformations of these sequences 
have also been determined to confirm the D N A sequences adopt a random coil state. 
3.3.1 Variable Temperature Proton Chemical Shift 
Except for SS7 and SSI 6， H^ N M R spectra of all sequences were acquired at 
25，35, 45 and 55 °C. Within the temperature range from 25 to 55 °C, the chemical 
shift changes are in general less than 0.01 ppm per 10 °C (Figure 3.2)，indicating all 
16 sequences are unstructured. 
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Figure 3.2. Aromatic regions of the N M R spectra of SSI acquired at different 
temperatures. 
3.3.2 Sugar Conformation 
Appendix IV shows the Hl'-H2'/H2" regions of the DQF-COSY spectra of 
SSI-SSI 6. All 3«/HrH2, and Vhi'h2" coupling constants were measured from these 
spectra and they were found to fall within the ranges of 8.1 - 9.5 Hz and 5.4 - 6.1 Hz, 
respectively. The coupling constant results are summarized in Appendix II. The %S 
falls in the range of 61-93 %, indicating the sugars adopt predominately the S-state in 
random coil DNA. This is consistent with the result of a duplex-to-single strand 
transition study that the sugars of the melted duplex remained predominately in the 
S-state (1.23). 
32 
3.3.3 Backbone Conformation 
Appendix V shows the H3'-P regions of selective ^H-^ P^ heteronuclear 
C O S Y spectra of SS1 -SS16. The V h s t coupling constants were measured from 
these spectra and the results are summarized in Appendix 11. All V h 3 ' p coupling 
constants were found to fall within the ranges of 5.3-7.2 Hz, corresponding to 197° < 
6 < 207°, i.e. the trans conformation. The calculated %Bi falls in the range of 32-
54%, in agreement with the result that random coil D N A adopts a mixture of B! and 
Bii conformations with similar populations (1.6). 
3.4 Random Coil Phosphorus Chemical Shift of D N A 
Previous studies have revealed the significance of temperature and neighbor 
effects in random coil D N A ^H (2.2) and '^ C (2.3) chemical shifts. In this study, the 
temperature and neighbor effects on random coil D N A '^P chemical shift have also 
been investigated. The measurement uncertainty in ^ 'P chemical shift has been 
found to be 士 0.01 ppm. 
3.4.1 Temperature Effect 
Except for SS7 and SS16, HSQC experiments were performed at 25 
and 50 °C for all 16 sequences in order to study the temperature effect. For some of 
the nucleotides in SSI-SSI6，the differences in chemical shifts at these two 
temperatures were negligibly small (< 0.02 ppm), indicating the temperature effect is 
insignificant. Some of the chemical shift differences, however, are a bit large (up to 
0.09 ppm). It has been suggested that strong base stacking exists in single strand 
helix, especially for purine-containing sequences. Such base stacking can cause 
about 1 ppm shift for the backbone phosphorus (1.6). An attempt has been made to 
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see if the observed differences in chemical shifts between the two temperatures are 
due to the presence of residual base stacking in SSI-SSI 6. 
To investigate residual base stacking, the chemical shift difference values 
were grouped according to the dimer type. This is because residual base stacking is 
expected to preferentially occur in purine-purine type dimers. There are a total of 16 
different types of dimers. For each type of dimers, eight chemical shift difference 
values were obtained from SSI-SSI6 at each temperature. The eight values were 
then used to calculate the average temperature coefficients between 25-50 °C 
(A5/AT)i and the results are summarized in Table 3.1. For example, CC dimer is 
found in SSI (two times), SS2, SS3, SS4, SS6, SSI 1 and SS16. The temperature 
coefficients for most dimers reveal the ^ P^ chemical shift changes over a 10 °C 
change in temperature are close to or smaller than the chemical shift measurement 
uncertainty. The largest one belongs to the purine-purine type dimer, AG, which 
possesses a temperature coefficient of 0.03 ppm/10 °C, indicating the presence of 
residual base stacking at 25 °C. 
In order to study random coil D N A '^P chemical shift, it is necessary to 
remove all residual base stacking in the sequences. To achieve this, the random coil 
values can be extracted at elevated temperature. To determine if the residual base 
stacking has been removed at 50 °C，the ^ P^ chemical shifts of SS1-SS16 were also 
measured at 55 °C. The ^ P^ chemical shift temperature coefficients between 50 and 
55 °C (A5/AT)2 are also summarized in Table 3.1. All (A5/AT)2 values including the 
one for the A G dimer were found to be less than or equal to 0.01 ppm/10 °C, 
indicating residual base stacking has been removed at 50 °C. The V h s t coupling 
constants of SSI-SSI 6 were also measured at 50 °C. No significant change in the 
coupling constants was observed (less than 0.5 Hz), indicating the backbone 
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conformation remains similar at elevated temperatures. Therefore, the ^'P chemical 
shifts at 50 °C were used to study the neighbor effect on random coil D N A ^ 'P 
chemical shift. 
Table 3.1. Average ^'P chemical shift temperature coefficients of different types of 
dimers. 
Dimer (A5/AT)i^''^(ppm/10 °C)(A5/ATV’e(ppm/10 °C) 
Pyrimidine-Pyrimidine 
CT 0.01 (0.00) 0.01 (0.01) 
CC 0.00 (0.00) 0.00 (0.01) 
TC 0.00(0.00) 0.01 (0.01) 
TT 0.01 (0.00) 0.01 (0.01) 
Pyrimidine-Purine 
C A 0.01 (0.00) 0.00 (0.01) 
C G 0.01 (0.00) 0.01 (0.01) 
TA 0.01 (0.01) 0.01 (0.01) 
TG 0.02(0.01) 0.00 (0.01) 
Purine-Pyrimidine 
A C 0.01 (0.01) 0.01 (0.01) 
AT 0.02 (0.00) 0.01 (0.01) 
GC 0.00 (0.00) 0.01 (0.01) 
GT 0.01 (0.01) 0.01 (0.01) 
Purine-Purine 
A A 0.02 (0.01) 0.00 (0.01) 
A G 0.03 (0.01) 0.00 (0.01) 
G A -0.01 (0.01) 0.01 (0.01) 
GG 0.02 (0.01) 0.01 (0.01) 
a (A5/AT)i is the average chemical shift temperature coefficients of dimers 
between 25 and 50 °C，except those dimers that come from SS7 and SSI6 were 
determined between 35 and 50 °C. 
b (A5/AT)2 is the average chemical shift temperature coefficients of dimers 
between 50 and 55 °C. 
e The values in parentheses represent the standard deviations of the averaged ^ P^ 
chemical shift difference. 
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3.4.2 Neighbor Effect 
The significance of the 5'-nearest neighbor effects (Ai^  ) was investigated by 
comparing the T16 ^ P^ chemical shift. In Table 3.2，SSI-SSI6 were arranged into 
four groups such that nucleotides 12 to 17 (except nucleotide 15，which is the 5'-
nearest neighbor of T16) in each group are the same. The T16 chemical shift with an 
adenine nucleotide as the 5'-nearest neighbor (6 t i 6 a) in each group (usually the most 
upfield shift) was subtracted from the T16 chemical shift (5丁i6) of each sequence. 
The significance of the 5'-nearest neighbor effect (Ai ) is defined by chemical shift 
difference (6 t i 6 - 6 t i 6 a ) which shows the effect of substituting the 5'-nearest adenine 
nucleotide with a different nucleotide. The greatest magnitude of the Ai^ ' value was 
found to be 0.06 ppm, indicating ^'P chemical shift of a nucleotide in a random coil 
D N A sequence depends on its 5'-nearest neighbor. 
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Table 3.4. 5'-next nearest neighbor effect on random coil DNA ^^P chemical shift. 
Sequence Nucleotide Position A】5’ (ppm)b 
灿 me 12 13 14 15^  16 17 
Group A 
SSI6 A T C C T (-4.02) T 0.05 
554 A T C G T (-4.05) T 0.02 
558 A T C A T (-4.07) T 0.00 
5512 A T C T T (-4.04) T 0.03 
Group B 
551 A T G C T (-4.03) T 0.03 
555 A T G G T (-4.05) T 0.01 
559 A T G A T (-4.06) T 0.00 
5513 A T G T T (-4.02) T 0.04 
Group C 
552 A T A C T(-4.01) T 0.05 
556 A T A G T (-4.05) T 0.01 
5510 A T A A T (-4.06) T 0.00 
5514 A T A T T (-4.04) T 0.02 
Group D 
553 A T T C T (-4.02) T 0.06 
557 A T T G T (-4.05) T 0.03 
5511 A T T A T (-4.08) T 0.00 
5515 A T T T T (-4.04) T 0.04 
a The bolded nucleotides at position 15 are the 5'-nearest neighbors of T16. 
b A]^  represents the 5'-nearest neighbor effect on T16. Ai^  = 5ti6- 6ti6a where 
6 t i 6 is the T16 chemical shift and 6 t i 6 a is the T16 chemical shift with an adenine 
nucleotide as the 5’-nearest neighbor in the group. 
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Similarly, the significance of the 3'-nearest neighbor effect (Ai^) was 
investigated by comparing the ^ P^ chemical shifts of nucleotide 2 (X2) of the 16 
D N A sequences. In Table 3.3，SSI-SSI6 were arranged into four groups such that 
nucleotides 1 to 5 (except nucleotide 3，which is the 3'-nearest neighbor of X2) in 
each group are the same. The chemical shift of X2 with an adenine nucleotide as the 
3'-nearest neighbor (6x2a) in each group was subtracted from the X2 chemical shift 
(5x2) of each sequence. The chemical shift difference (5x2a - 5x2) indicates the 
significance of the 3'-nearest neighbor effect. In most cases, Ai^  values were found 
to be negligibly small. However, the largest Ai^  value was found to be 0.05 ppm, 
indicating this effect cannot be neglected under some circumstances. 
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Table 3.4. 5'-next nearest neighbor effect on random coil DNA ^^P chemical shift. 
Sequence Nucleotide Position Ai^ ' (ppm)^ 
Name — 2 4 5 
Group A 
551 T C (-3.88) C C T -0.01 
555 T C (-3.88) G C T -0.01 
SS9 T C (-3.87) A C T 0.00 
5513 T C (-3.86) T C T 0.01 
Group B 
552 T G(-4.01) C C T 0.01 
556 T G(-4.01) G C T 0.01 
5510 T G (-4.02) A C T 0.00 
5514 T G (-3.98) T C T 0.04 
Group C 
553 T A (-4.01) C C T 0.02 
557 T A (-4.03) G C T 0.00 
5511 T A (-4.03) A C T 0.00 
5515 T A (-3.98) T C T 0.05 
Group D 
554 T T(-3.99) C C T 0.00 
558 T T (-3.99) G C T 0.00 
5512 T T (-3.99) A C T 0.00 
5516 T T(-3.97) T C T 0.02 
a The bolded nucleotides at position 3 are the 3，-nearest neighbors of X2. 
b Ai^ ' represents the 3'-nearest neighbor effect on X2. Ai^  = 6x2a - ^ xi where 8x2 
is the X2 chemical shift and 6x2a is the X2 chemical shift with an adenine 
nucleotide as the 3'-nearest neighbor in the group. 
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For the 5'-next nearest neighbor effect (A�，’)，the ^ 'P chemical shifts of T16 
of the 16 D N A sequences were compared. Table 3.4 shows that all Aa^  values were 
determined to be equal to or less than the measurement uncertainty (0.01 ppm), 
indicating the 5'-next nearest neighbor effect is negligible. As the backbone 
phosphate is located closer to its 5'-next nearest neighbor than its 3'-next nearest 
neighbor, this result also reveals the 3'-next nearest neighbor effect is negligible. 
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Table 3.4. 5'-next nearest neighbor effect on random coil DNA ^^P chemical shift. 
Sequence Nucleotide Position (ppm)^ 
Name 13 14' 15 16 17 
Group A 
SS16 A T C C T (-4.02) T -0.01 
551 A T G C T (-4.03) T -0.02 
552 A T A C T(-4.01) T 0.00 
553 A T T C T (-4.02) T -0.01 
Group B 
554 A T C G T (-4.05) T 0.00 
555 A T G G T (-4.05) T 0.00 
556 A T A G T (-4.05) T 0.00 
557 A T T G T (-4.05) T 0.00 
Group C 
558 A T C A T (-4.07) T -0.01 
559 A T G A T (-4.06) T 0.00 
5510 A T A A T (-4.06) T 0.00 
5511 A T T A T (-4.08) T -0.02 
Group D 
5512 A T C T T (-4.04) T 0.00 
5513 A T G T T (-4.02) T 0.02 
5514 A T A T T (-4.04) T 0.00 
5515 A T T T T (-4.04) T ^  
a The bolded nucleotides at position 14 are the 5'-next nearest neighbors of T16. 
A2 represents the 5'-next nearest neighbor effect on T16. A2 =6 t i6- 6 t i 6 a 
where 5 t i 6 is the T16 chemical shift and § t i 6 a is the T16 chemical shift with an 
adenine nucleotide as the 5'-next nearest neighbor in the group. 
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3.5 Random Coil ^ P^ Chemical Shift Prediction 
The above analysis on neighbor effects indicates that the random coil ^ P^ 
chemical shift of a specific nucleotide in a D N A sequence often depends mainly on 
the type of its 5'-nearest neighbor. Therefore, in most cases, it is suitable to use 
dimer model (N^'pX) for random coil D N A ^ 'P chemical shift prediction. As the 
influence of the 3'-nearest neighbor effect can sometimes go up to 0.05 ppm, it is 
more suitable to use the trimer model (N^'pXN^') to predict random coil DNA^'P 
chemical shift. 
3.5.1 Dimer Model Prediction Protocol 
In the dimer model, there are a total of 16 different types of dimers. Again, 
eight random coil ^ P^ chemical shift values, which have been used to study the 
residual base stacking effect in section 3.4.1，were obtained from SSI-SSI6 for each 
type of dimers. These chemical shift values found in SSI-SSI 6 were averaged in 
order to construct the dimer model random coil D N A ^^ P chemical shift database 
(Table 3.5). With this database, the ^ 'P chemical shift of a specific nucleotide X with 
its 5'-nearest neighbor N^' in a random coil D N A sequence is predicted to be equal to 
the corresponding value ofN^ pX in the database, i.e. 5pred = 3dimer. For example, the 
predicted random coil ^ 'P chemical shift of G4 in 5'-Gl-T2-A3-G4-C5-T6-A7-G8-
G9-T10-G11-3’ is equal to the value of the A G dimer (-4.12 ppm) in Table 3.5. The 
experimental value was found to be 4.13 ppm. Only a 0.01 ppm difference was 
observed. 
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Table 3.5. Dimer model random coil ^'P chemical shift database. 
S d i m e r ( p p H l ) ^ 
N'pC N'pG N'pA N'pT 
CC -3.88 (0.01) CG -3.97 (0.02) CA -4.02 (0.02) CT -4.01 (0.01) 
GC -3.88 (0.01) G G -4.02 (0.02) GA -4.02 (0.02) GT -4.04 (0.01) 
AC -3.91 (0.01) AG -4.12(0.02) AA -4.12(0.02) AT -4.06 (0.02) 
TC -3.89(0.01) TG -4.05 (0.02) TA -4.10(0.02) TT -4.03 (0.01) 
a The values in parentheses represent the standard deviations of the averaged 
random coil DNA^^P chemical shift. 
In order to test the chemical shift prediction accuracy and, a total of 216 
random coil D N A '^P chemical shift were measured. These values include 96 data 
from SSI-SSI 6 that have not been used in establishing the dimer model database and 
120 data from 10 new random coil D N A sequences containing 9-17 nucleotides. The 
3ip chemical shift values of the second and the last nucleotides of each sequence 
have not been used in testing this protocol because of the presence of end effect. The 
R M S D value between the predicted and the experimental values was found to be 
0.03 ppm with a correlation coefficient of 0.951 (Figure 3.3). 
43 
-4.2 
O O OQD&X^O 
S cg^^Q^^ o 
3 - 4 0 - o o ^ ^ o o 
•O o/j o® o 
O Q p f C S O < D O 
"3.8  
-3.8 -4.0 -4.2 
Sexpt ( p p m ) 
Figure 3.3. A plot of the predicted random coil DNA^'P chemical shifts versus the 
experimental shifts using the dimer model database. 
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3.5.2 Trimer Model Prediction Protocol 
Although most of the Ai^  values were found to be negligibly small, an 
improved prediction accuracy will be expected if the 3'-nearest neighbor effect is 
also included in the prediction protocol. The measured ^ P^ chemical shifts of the 
central nucleotides X (5trimer) in all 64 triplets (N^'pXN^') in SSI-SSI6 were used to 
construct the trimer model random coil DNA^^P chemical shift database (Table 3.6). 
The 3ip chemical shift of a specific nucleotide X with its 5'-nearest neighbor (N^ ') 
and 3'-nearest neighbor (N^ ') in a random coil D N A sequence is predicted to be equal 
to the corresponding N^'pXN^ chemical shift value in the database, i.e. 6pred = 6trimer-
A total of 280 random coil ^ 'P chemical shift values were used to test the prediction 
accuracy and reliability of the trimer model protocol. These experimental values 
include 160 data from SSI-SSI6 that have not been used in establishing the trimer 
model database and 120 data from 10 new random coil D N A sequences containing 9-
17 nucleotides. The ^ P^ chemical shift values of the second nucleotide of each 
sequence have not been used in testing this protocol because of the presence of end 
effect. The R M S D value between the predicted and the experimental values was 
found to be 0.02 ppm with a correlation coefficient of 0.970 (Figure 3.4). Compared 
to the results using the dimer model protocol, the trimer model protocol shows an 
improved accuracy in predicting random coil D N A ^^ P chemical shift. 
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Table 3.6. Trimer model random coil ^^P chemical shift database. 
S t r i m e r ( p p m ) " 
N5’CN3， N '^GN '^ N5，an3， N '^TN '^ 
C C C -3.88 C G C -3.98 C A C -4.01 C T C -4.00 
G C C -3.89 G G C -4.01 G A C -4.01 G T C -4.05 
A C C -3.92 A G C -4.12 A A C -4.13 A T C -4.06 
T C C -3.88 T G C -4.04 TAC -4.09 TTC -4.02 
C C G -3.87 C G G -3.99 C A G -4.05 C T G -3.99 
G C G -3.88 G G G -4.05 G A G -4.06 G T G -4.02 
A C G -3.90 A G G -4.14 A A G -4.15 A T G -4.03 
T C G -3.89 T G G -4.08 T A G -4.14 T T G -4.01 
C C A -3.88 C G A -4.00 C A A -4.05 C T A -3.99 
G C A -3.89 G G A -4.06 G A A -4.05 G T A -4.04 
A C A -3.91 A G A -4.15 A A A -4.15 A T A -4.04 
T C A -3.91 T G A -4.07 T A A -4.13 T T A -4.01 
C C T -3.89 C G T -3.97 CAT -4.01 CTT -4.00 
G C T -3.90 G G T -4.03 G A T -4.02 G T T -4.03 
A C T -3.92 A G T -4.12 A A T -4.11 ATT -4.05 
T C T -3.90 T G T -4.05 TAT -4.10 TTT -4.03 
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Figure 3.4. A plot of the predicted random coil DNA^^P chemical shifts versus the 
experimental shifts using the trimer model database. 
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C H A P T E R F O U R 
Conclusions and Future Work 
The temperature and neighbor effects on random coil DNA^'P chemical shift 
have been determined. The observed differences in chemical shifts for the purine-
purine type dimers at elevated temperatures suggest the presence of residual base 
stacking. Therefore, random coil D N A ^^ P chemical shift of all sixteen 17-
nucleotide sequences were extracted at 50 °C in order to remove the residual base 
stacking effect. The nearest and the next nearest neighbor effects have been 
investigated. Random coil ^ 'P chemical shift of a nucleotide in a D N A sequence 
depends mainly on its 5'-nearest neighbor but sometimes also on its 3'-nearest 
neighbor. The dimer model and the trimer model random coil D N A ^^ P chemical 
shift databases have also been established. The prediction results show that the 
trimer model prediction protocol is more accurate and reliable. 
Further studies can be carried out to study the chemical shift and backbone 
conformation relationship of D N A by making use of the random coil D N A ^ P^ 
chemical shift as the reference values. Comparison of the ^ 'P chemical shifts of 
different types of nucleotides can be made because the effects from its own base and 
from its neighboring nucleotides have been compensated. These studies will be 
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resonance assignments and ./HI'HI'? »^HI'H2" and JH S' P 
coupling constants of SS1-SS16^  
Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
SSI H6/H8 H I ' H 2 ' H 2 " H 3 ' '^PZST "PSO°C ^ ' P S S - C " V H I - H 2 - V H I - H R V H 3 - P 
7 . 5 6 7 6 . 2 2 3 2 . 5 1 2 2 . 3 4 7 4 . 7 8 3 - - - b b 7.0 
C2 7.767 6.260 2.267 2.531 4.834 -3.87 -3.88 -3.88 b b b 
C3 7.783 6.269 2.252 2.519 4.833 -3.87 -3.88 -3.88 b b b 
C4 7.821 6.262 2.280 2.533 4.849 -3.87 -3.89 -3.89 b b b 
T5 7.592 6.210 2.287 2.470 4.847 -4.03 -4.00 -4.00 b b b 
T6 7.355 5.993 1.853 2.201 4.747 -4.04 -4.03 -4.03 8.48 5.76 b 
A7 8.158 6.125 2.597 2.643 4.944 -4.21 -4.14 -4.14 9.16 6.10 6.0 
G8 7.887 5.961 2.583 2.666 4.972 -4.19 -4.12 -4.11 9.16 5.76 6.3 
T9 7.240 5.948 1.773 2.160 4.727 -4.05 -4.04 -4.04 8.82 6.10 b 
AlO 8.097 6.047 2.516 2.581 4.910 -4.20 -4.15 -4.14 8.82 5.76 5.8 
G i l 7.756 5.588 2.445 2.445 4.912 -4.24 -4.15 -4.14 b b 5.5 
A12 8.239 6.294 2.727 2.727 4.996 -3.94 -3.99 -3.98 b b 6.1 
T13 7.305 6.027 1.980 2.320 4.794 -4.07 -4.05 -4.04 8.82 5.76 6.5 
G14 7.928 6.103 2.618 2.723 4.955 -4.10 -4.07 -4.07 b b 6.4 
CI 5 7.733 6.244 2.257 2.533 4.861 -3.89 -3.90 -3.89 b b b 
T16 7.598 6.246 2.364 2.519 4.861 -4.04 -4.03 -4.02 b b b 
T17 7.634 6.291 2.349 2.349 4.542 -4.00 -3.99 -3.99 b b -
Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
H 6 / H 8 H I ' H 2 ' H 2 " H 3 ， ^ ' P Z S - C ^ ' P S O - C ^ ' P S S - C " H I ’ H 2 , V H I - H 2 " V H 3 ' P 
~ T l T m 6 . 1 0 7 r ^ 2 . 3 5 4 4 . 6 9 3 - - - 8 . 4 8 5.76 b 
G2 7.980 6.160 2.680 2.773 4.994 -4.06 -4.01 -4.01 9.16 6.10 6.3 
C3 7.710 6.266 2.243 2.514 4.835 -3.88 -3.89 -3.89 b b b 
C4 7.804 6.246 2.266 2.522 4.848 -3.87 -3.87 -3.87 b b b 
T5 7.586 6.237 2.276 2.510 4.856 -4.01 -3.99 -3.99 b b b 
C6 7.781 6.244 2.262 2.509 4.848 -3.90 -3.90 -3.90 b b b 
T7 7.464 6.113 2.051 2.368 4.796 -4.01 -3.99 -3.99 8.82 6.10 6.9 
G8 7.956 6.140 2.690 2.792 4.986 -4.08 -4.05 -4.05 9.16 5.43 6.3 
T9 7.501 6.198 2.281 2.463 4.861 -4.05 -4.02 -4.02 b b b 
TIO 7.407 6.059 1.978 2.301 4.765 -4.03 -4.01 -4.02 8.82 6.10 5.9 
G i l 7.805 5.759 2.494 2.494 4.900 -4.12 -4.07 -4.07 b b 6.2 
A12 8.271 6.317 2.736 2.773 5.020 -4.00 -4.01 -4.01 9.16 5.76 6.1 
T13 7.264 5.982 1.853 2.255 4.797 -4.07 -4.04 -4.04 8.48 5.76 5.9 
AM 8.304 6.334 2.722 2.799 4.985 -4.15 -4.11 -4.11 8.48 5.43 6.6 
CI 5 7.703 6.216 2.258 2.514 4.860 -3.94 -3.92 -3.92 b b b 
T16 7.586 6.237 2.352 2.495 4.856 -4.03 -4.01 -4.02 b b b 
T17 7.630 6.283 2.342 2.342 4.540 -4.01 -3.99 -3.99 b b -
a All 'H chemical shifts and scalar coupling constants were measured at 25 °C, except for 
SS7 and SS16，which were measured at 35 °C. ^'P chemical shifts were measured at 25, 50 
and 55 °C, except for SS7 and SSI6，which were measured at 35，50 and 55 °C. The 
measurement uncertainties for and ^'P were 士0.002 and 士0.01 ppm, respectively. The 
measurement uncertainties for both VH I'H 2 ' , VH I'H 2 " and V H S T were 士0.4 Hz. Scalar coupling 
constants could not be measured due to peak overlapping. 
(to be continued) 
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Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
H6/H8 HI ' H2' H2" H3' "Pzs-c '^Pso°c " P ^ VHI-H2- /^hi’H2" VH3-P 
~Yl Z m - - - 8 . 8 2 6.10 b 
A2 8.332 6.374 2.777 2.854 5.013 -4.04 -4.01 -4.02 8.48 5.43 6.6 
C3 7.656 6.218 2.213 2.477 4.825 -3.93 -3.92 -3.92 b b 6.8 
C4 7.797 6.230 2.235 2.497 4.821 -3.83 -3.85 -3.86 b b b 
T5 7.464 6.083 2.023 2.339 4.774 -4.06 -4.02 -4.02 9.16 6.10 b 
G6 7.923 6.099 2.665 2.768 4.958 -4.10 -4.06 -4.06 b b 6.4 
T7 7.379 6.106 2.035 2.358 4.810 -4.05 -4.02 -4.02 8.48 5.43 b 
G8 7.951 6.119 2.694 2.769 4.990 -4.06 -4.03 -4.03 9.16 5.76 b 
T9 7.429 6.187 2.200 2.392 4.815 -4.10 -4.07 -4.07 8.82 5.76 b 
CIO 7.550 6.069 1.822 2.275 4.739 -3.88 -3.89 -3.90 8.82 6.10 7.1 
A l l 8.144 6.083 2.559 2.662 4.944 -4.09 -4.05 -4.05 8.48 4.75 b 
A12 8.269 6.267 2.735 2.735 5.032 -4.18 -4.12 -4.12 8.82 5.43 6.0 
T13 7.445 6.132 2.251 2.457 4.878 -4.08 -4.03 -4.03 9.16 5.76 b 
T14 7.553 6.213 2.264 2.454 4.843 -4.06 -4.04 -4.05 b b b 
C15 7.802 6.256 2.275 2.531 4.865 -3.89 -3.90 -3.90 8.48 5.43 b 
T16 7.618 6.264 2.380 2.538 4.865 -4.04 -4.02 -4.02 b b b 
T17 7.643 6.296 2.356 2.356 4.548 -4.00 -3.98 -3.99 b b -
Chemical Shift (ppm) Scalar Coupling Constant (Hz) C C 4  
H6/H8 HI ' H2' H2" H3， ^'Pzsx '^Pso°c ^'Pss-c Vhito, ^Hi-Hr "H3,P 
7 . 5 9 7 6 . 2 1 2 2 . 3 5 6 2 . 5 3 7 4 . 8 0 3 - - - ^ 8.14 5.43 6.9 
T2 7.610 6.267 2.318 2.504 4.868 -4.01 -3.99 -4.00 b b 6.8 
C3 7.765 6.268 2.256 2.513 4.831 -3.88 -3.88 -3.89 b b b 
C4 7.791 6.252 2.251 2.513 4.845 -3.87 -3.86 -3.87 b b b 
T5 7.398 6.049 1.898 2.278 4.778 -4.00 -3.99 -4.00 8.82 6.10 b 
A6 8.331 6.334 2.755 2.821 4.994 -4.14 -4.10 -4.11 8.48 5.43 b 
T7 7.337 6.050 1.979 2.302 4.788 -4.07 -4.03 -4.04 8.82 5.76 5.6 
G8 7.914 6.054 2.641 2.736 4.960 -4.09 -4.03 -4.04 8.14 5.43 6.4 
T9 7.337 6.050 1.979 2.301 4.750 -4.04 -4.03 -4.04 8.82 5.76 b 
GIO 7.771 5.676 2.436 2.436 4.865 -4.11 -4.06 -4.07 b b 6.0 
A l l 8.088 6.056 2.540 2.638 4.960 -4.05 -4.05 -4.06 9.16 6.10 6.0 
A12 8.242 6.237 2.738 2.738 5.024 -4.17 -4.10 -4.10 b b 6.2 
T13 7.346 6.105 2.164 2.365 4.804 -4.13 -4.07 -4.08 8.82 6.10 6.8 
C14 7.616 6.142 1.989 2.383 4.766 -3.89 -3.89 -3.90 8.48 5.76 6.8 
G15 7.935 6.152 2.688 2.814 4.992 -4.01 -3.97 -3.98 8.82 5.76 b 
T16 7.512 6.236 2.364 2.508 4.873 -4.09 -4.05 -4.06 b b 6.7 
T17 7.623 6.277 2.337 2.337 4.544 -3.99 -3.96 -3.98 b b -
(to be continued) 
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Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
H6/H8 HI, H2' H2" H3' '^P25''c ^'Pso'c ^'Pss'c Vhi'H2' Vhi'H2" Vh3'p 
6 . 2 0 2 2 ^ 1 2 . 3 1 7 4 . 7 5 4 - - - ^ b b ^ 
C2 7.630 6.180 1.998 2.434 4.786 -3.88 -3.88 -3.89 8.48 5.76 6.8 
G3 7.968 6.152 2.653 2.755 4.974 -4.02 -3.98 -3.99 8.82 5.09 6.6 
C4 7.738 6.249 2.265 2.534 4.859 -3.88 -3.87 -3.88 8.82 5.09 b 
T5 7.606 6.216 2.295 2.498 4.866 -4.01 -3.99 -4.00 b b b 
T6 7.591 6.205 2.291 2.482 4.846 -4.04 -4.02 -4.02 b b b 
T7 7.453 6.111 2.039 2.360 4.797 -4.04 -4.01 -4.02 9.16 6.10 6.8 
G8 7.939 6.092 2.649 2.756 4.965 -4.11 -4.05 -4.06 9.16 5.09 6.2 
T9 7.282 5.983 1.829 2.194 4.752 -4.08 -4.04 -4.05 8.82 5.76 6.4 
AlO 8.101 5.981 2.499 2.576 4.915 -4.18 -4.12 -4.13 9.49 5.43 5.7 
A l l 8.066 5.945 2.492 2.578 4.958 -4.22 -4.15 -4.16 9.49 5.43 6.0 
A12 8.208 6.197 2.678 2.678 4.985 -4.15 -4.10 -4.10 8.48 5.43 b 
T13 7.258 5.959 1.900 2.214 4.737 -4.10 -4.05 -4.06 9.16 5.76 b 
G14 7.772 5.887 2.518 2.518 4.894 -4.13 -4.07 -4.08 b b 6.2 
G15 7.920 6.093 2.656 2.754 4.998 -4.07 -4.03 -4.04 9.16 5.09 5.8 
T16 7.497 6.216 2.341 2.501 4.866 -4.09 -4.05 -4.05 b b b 
T17 7.617 6.269 2.333 2.333 4.540 -3.99 -3.98 -3.98 b b -
Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
SS6 H6/H8 HI， H2’ H2" H3' "Pso-c "Pss-c" VHI-H2- V H 3 - P ~ 
r ^ 2 . 2 8 0 4 . 6 5 4 - - - 8 . 4 8 5.76 b 
G2 7.825 5.892 2.570 2.570 4.930 -4.08 -4.01 -4.02 b b 6.0 
G3 7.935 6.086 2.629 2.708 4.986 -4.02 -4.01 -4.01 8.48 5.76 6.3 
C4 7.726 6.239 2.234 2.543 4.866 -3.87 -3.87 -3.87 8.82 6.10 6.2 
T5 7.564 6.205 2.233 2.453 4.834 -4.06 -4.04 -4.04 b b 6.6 
C6 7.728 6.241 2.211 2.465 4.798 -3.91 -3.91 -3.92 8.14 5.76 7.4 
C7 7.640 6.140 2.000 2.399 4.774 -3.87 -3.87 -3.88 8.82 6.10 6.7 
G8 7.947 6.153 2.700 2.809 4.992 -4.00 -3.97 -3.97 8.14 5.43 b 
T9 7.494 6.193 2.280 2.456 4.857 -4.05 -4.02 -4.03 b b b 
TIO 7.354 5.990 1.839 2.215 4.761 -4.02 -4.01 -4.01 8.82 6.10 6.4 
A l l 8.144 6.050 2.559 2.632 4.947 -4.18 -4.13 -4.13 8.82 5.76 5.8 
A12 8.244 6.226 2.688 2.722 5.004 -4.17 -4.11 -4.11 8.48 5.76 b 
T13 7.203 5.901 1.763 2.136 4.734 -4.10 -4.05 -4.05 8.48 6.10 b 
A14 8.129 6.113 2.567 2.639 4.934 -4.20 -4.13 -4.14 9.16 6.10 5.4 
G15 7.904 6.006 2.621 2.718 5.003 -4.21 -4.12 -4.13 9.49 6.10 b 
T16 7.480 6.197 2.324 2.490 4.857 -4.08 -4.05 -4.05 b b b 
T17 7.612 6.265 2.329 2.329 4.536 -4.00 -3.98 -3.98 b b -
(to be continued) 
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Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
H 6 / H 8 HI ' H2' H2" H3' "P3s°c " P s o ° c " P ^ VHI-H2- VHI,H2’’ V h 3 ~ 
"ri 7 J 5 8 6 . 0 1 2 r ^ 4 . 6 4 2 - - - ^ 8.48 6.10 6.9 
A2 8.163 6.161 2.631 2.697 4.963 -4.06 -4.03 -4.04 8.82 6.10 5.5 
G3 7.888 5.996 2.601 2.661 4.975 -4.17 -4.12 -4.12 8.82 5.76 6.8 
C4 7.675 6.232 2.234 2.512 4.843 -3.86 -3.87 -3.88 b b b 
T5 7.429 6.081 1.977 2.345 4.788 -3.98 -3.99 -3.98 b b b 
G6 7.926 6.107 2.607 2.700 4.918 -4.11 -4.05 -4.09 8.48 5.43 6.6 
C7 7.579 6.107 1.982 2.394 4.762 -3.87 -3.88 -3.89 8.82 5.76 7.2 
G8 7.923 6.139 2.702 2.794 5.012 -3.99 -3.96 -3.97 b b b 
T9 7.477 6.226 2.270 2.450 4.855 -4.06 -4.03 -4.04 b b 7.0 
CIO 7.756 6.219 2.231 2.501 4.821 -3.86 -3.87 -3.88 b b b 
T i l 7.402 6.059 1.927 2.294 4.782 -4.02 -3.99 -4.00 8.82 6.10 b 
A12 8.337 6.372 2.775 2.848 5.013 -4.11 -4.09 -4.11 8.48 5.43 b 
T13 7.477 6.148 2.270 2.450 4.855 -4.06 -4.05 -4.05 8.48 5.76 b 
T14 7.445 6.099 2.051 2.361 4.788 -4.02 -4.01 -4.02 8.82 6.10 b 
G15 7.947 6.158 2.688 2.805 4.993 -4.07 -4.05 -4.06 8.48 6.10 b 
T16 7.526 6.236 2.359 2.514 4.873 -4.06 -4.05 -4.07 8.48 5.43 7.0 
T17 7.615 6.268 2.346 2.346 4.537 -3.98 -3.97 -3.98 b b -
Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
SS8 H6/H8 HI， H2' H2" H3' ^'Pzs-c '^Pso-c " p " ^ Vhi-H2- ^Jurur VH3-P 
~~71 r y f l 6 . 1 9 5 2 . 3 2 7 2 . 5 0 6 ~ 4 . 8 0 0 - - - b b b 
T2 7.485 6.141 2.077 2.391 4.819 -4.00 -3.99 -3.99 8.82 6.10 b 
G3 7.964 6.143 2.660 2.752 4.975 -4.07 -4.04 -4.04 9.16 6.10 b 
C4 7.717 6.258 2.247 2.521 4.852 -3.88 -3.88 -3.88 8.82 5.76 b 
T5 7.369 6.016 1.817 2.261 4.782 -3.99 -4.00 -4.00 8.82 6.10 5.6 
A6 8.310 6.326 2.709 2.784 4.964 -4.17 -4.14 -4.14 8.82 5.43 b 
C7 7.549 6.096 1.965 2.374 4.772 -3.91 -3.90 -3.91 9.16 6.10 b 
G8 7.917 6.095 2.656 2.747 4.954 -3.97 -3.95 -3.96 b b b 
T9 7.365 6.080 2.025 2.335 4.800 -4.08 -4.05 -4.05 9.16 6.10 b 
GIO 7.922 6.087 2.653 2.738 4.962 -4.06 -4.03 -4.03 b b b 
T i l 7.312 6.043 1.912 2.289 4.800 -4.08 -4.04 -4.04 8.82 6.10 b 
A12 8.323 6.351 2.810 2.810 5.014 -4.09 -4.07 -4.07 b b 5.3 
T13 7.389 6.139 2.187 2.387 4.819 -4.13 -4.08 -4.08 8.48 5.76 6.4 
C14 7.577 6.097 1.884 2.333 4.772 -3.87 -3.89 -3.89 8.82 6.10 b 
A15 8.349 6.386 2.823 2.823 5.018 -4.04 -4.01 -4.01 8.48 6.10 5.3 
T16 7.476 6.189 2.342 2.486 4.866 -4.12 -4.07 -4.08 b b 6.5 
T17 7.611 6.264 2.326 2.326 4.538 -4.00 -3.98 -3.98 b b -
(to be continued) 
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Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
H6/H8 HI ' H2, H2" H3' '^P25°c '^P5o°c ^'Pss'c Vhi-HZ- “ ⑴ ’ 阳 ” VHJ'P 
~ T l l l n I w 2 . 2 9 9 4.755 - - - ^ b b O ~ 
T2 7.594 6.123 1.918 2.376 4.768 -3.86 -3.87 -3.88 8.48 5.76 b 
G3 8.340 6.375 2.764 2.824 4.994 -4.03 -4.01 -4.01 b b 6.7 
C4 7.689 6.213 2.251 2.505 4.864 -3.94 -3.91 -3.92 8.48 5.76 6.1 
T5 7.594 6.209 2.277 2.501 4.864 -3.98 -3.98 -3.99 8.48 5.76 b 
A6 7.556 6.189 2.249 2.434 4.820 -3.98 -4.05 -4.05 b b 7.0 
CI 7.633 6.145 2.000 2.405 4.782 -3.89 -3.89 -3.90 8.82 6.10 b 
G8 7.934 6.109 2.673 2.763 4.967 -4.01 -3.97 -3.98 8.82 5.76 5.3 
T9 7.305 6.048 1.901 2.271 4.802 -4.07 -4.03 -4.04 8.82 5.76 6.1 
GIO 8.309 6.320 2.744 2.798 4.996 -4.09 -4.07 -4.08 b b b 
T i l 7.274 5.987 1.864 2.238 4.781 -4.08 -4.04 -4.05 8.82 6.10 b 
A12 8.295 6.310 2.733 2.792 4.979 -4.11 -4.08 -4.08 b b b 
T13 7.305 6.004 1.949 2.267 4.770 -4.10 -4.05 -4.06 9.16 6.10 b 
C14 7.792 5.751 2.489 2.489 4.898 -4.10 -4.06 -4.06 b b 6.0 
A15 8.295 6.357 2.753 2.823 5.038 -4.01 -4.02 -4.03 b b 5.7 
T16 7.451 6.166 2.325 2.475 4.857 -4.12 -4.06 -4.07 b b b 
T17 7.603 6.256 2.321 2.321 4.534 -4.00 -3.98 -3.99 b b -
SSI 0 Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
H 6 / H 8 H I ’ H 2 ' H 2 " H 3 ' ^ ' P a s - c ^ ' P s o ' c ^ 'Ps5°c VHi-Ha- V h i ' H 2 " VH3’P 
Tl 7 . 3 9 4 6 . 0 6 2 2 . 2 8 7 4 . 6 5 5 - - - 8 . 4 8 5.76 b 
G2 7.837 5.766 2.547 2.547 4.927 -4.07 -4.02 -4.02 b b 5.8 
A3 8.278 6.346 2.735 2.788 5.016 -3.99 -4.01 -4.02 b b 6.3 
C4 7.672 6.193 2.243 2.507 4.855 -3.93 -3.90 -3.90 8.82 6.10 6.5 
T5 7.566 6.202 2.223 2.425 4.795 -3.96 -3.98 -3.99 8,82 6.10 6.6 
C6 7.590 6.091 1.907 2.318 4.723 -3.96 -3.93 -3.94 8.82 5.76 7.0 
G7 7.786 5.918 2.537 2.537 4.898 -4.05 -3.99 -4.00 b b 6.0 
G8 7.938 6.095 2.676 2.759 5.008 -4.05 -4.01 -4.02 8.48 6.10 5.7 
T9 7.500 6.215 2.290 2.482 4.886 -4.05 -4.01 -4.01 b b b 
TIO 7.573 6.202 2.281 2.470 4.867 -4.01 -3.99 -4.00 b b b 
T i l 7.400 6.047 1.917 2.288 4.790 -4.03 -4.01 -4.02 8.82 5.76 6.6 
A12 8.320 6.327 2.741 2.809 4.994 -4.13 -4.09 -4.09 b b 6.1 
T13 7.255 5.955 1.816 2.189 4.762 -4.09 -4.05 -4.05 8.48 5.76 6.2 
A14 8.134 6.056 2.547 2.638 4.947 -4.16 -4.11 -4.12 9.16 6.10 5.7 
A15 8.268 6.274 2.750 2.750 5.033 -4.17 -4.11 -4.12 b b 5.6 
T16 7.434 6.146 2.304 2.463 4.849 -4.12 -4.06 -4.07 8.14 5.76 b 
T17 7.599 6.253 2.320 2.320 4.529 -4.01 -3.98 -3.99 b b -
(to be continued) 
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Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
SSl l H6/H8 HI, H2' H2" H3' ^'Pzs-c "Pso°c "Pss-c" VHI.H2’ 'Jhvht- VH3T~ 
~ T l 7 . 3 4 6 6 . 0 1 0 1 . 7 9 0 2 . 2 3 1 ~ 4 . 6 4 5 - - - 8.48 5.76 b 
A2 8.143 6.079 2.594 2.671 4.960 -4.07 -4.03 -4.03 8.82 5.76 5.3 
A3 8.237 6.248 2.686 2.726 4.999 -4.18 -4.13 -4.13 9.16 5.76 6.3 
C4 7.648 6.164 2.206 2.463 4.813 -3.93 -3.91 -3.91 b b 6.5 
T5 7.407 6.040 1.940 2.267 4.737 -3.99 -4.00 -4.00 8.82 6.10 6.4 
G6 7.757 5.826 2.453 2.453 4.856 -4.17 -4.10 -4.10 b b 5.7 
G7 7.773 5.858 2.524 2.524 4.923 -4.10 -4.05 -4.05 b b 6.6 
G8 7.919 6.068 2.672 2.722 4.996 -4.04 -4.00 -4.00 b b b 
T9 7.420 6.199 2.208 2.430 4.844 -4.11 -4.08 -4.08 b b 6.9 
CIO 7.718 6.232 2.195 2.455 4.803 -3.88 -3.91 -3.91 8.48 5.76 7.2 
C l l 7.589 6.105 1.879 2.323 4.769 -3.88 -3.88 -3.88 8.48 5.76 6.6 
A12 8.345 6.377 2.790 2.847 5.016 -4.04 -4.02 -4.02 9.16 5.43 6.1 
T13 7.462 6.146 2.257 2.439 4.864 -4.09 -4.05 -4.04 8.82 5.43 b 
T14 7.386 6.043 1.909 2.289 4.791 -4.02 -4.01 -4.01 8.82 6.10 6.1 
A15 8.350 6.377 2.790 2.847 5.016 -4.13 -4.10 -4.10 9.16 5.43 5.9 
T16 7.483 6.191 2.344 2.488 4.861 -4.12 -4.08 -4.07 8.82 5.76 b 
T17 7.612 6.264 2.326 2.326 4.539 -4.00 -3.98 -3.98 b b -
Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
O O I y • —• ‘ ‘ . _ 
H6/H8 HI， H2' H2" H3' ^'Pzs-C ^'Pso-C ^'Pssx VHI-H2- V H I ' H 2 " V H 3 - P 
Tl 7 . 5 5 6 6 . 1 8 8 ~ 2 J 1 3 4 . 7 8 2 - - - ^ 8.14 5.76 b 
T2 7.437 6.087 1.956 2.331 4.806 -3.99 -3.99 -3.99 8.82 5.76 b 
A3 8.327 6.360 2.735 2.812 4.994 -4.12 -4.09 -4.09 8.82 6.10 6.9 
C4 7.680 6.193 2.219 2.477 4.828 -3.94 -3.91 -3.92 8.48 5.76 b 
T5 7.343 5.970 1.784 2.180 4.728 -4.00 -3.99 -4.00 8.82 6.10 6.4 
A6 8.121 6.056 2.553 2.593 4.903 -4.24 -4.17 -4.18 9.16 6.10 5.9 
G7 7.754 5.762 2.480 2.480 4.920 -4.23 -4.14 -4.14 b b 6.0 
G8 7.886 6.022 2.628 2.677 4.962 -4.02 -3.99 -4.00 8.48 6.10 6.3 
T9 7.331 6.080 1.987 2.343 4.806 -4.07 -4.03 -4.04 8.82 5.76 b 
GIO 7.918 6.072 2.602 2.683 4.936 -4.08 -4.07 -4.07 8.82 5.43 6.3 
C l l 7.525 6.084 1.864 2.332 4.768 -3.88 -3.89 -3.90 8.48 5.76 b 
A12 8.324 6.360 2.806 2.806 5.003 -4.02 -3.99 -4.00 8.14 5.43 6.4 
T13 7.420 6.168 2.237 2.423 4.845 -4.11 -4.08 -4.08 8.82 6.10 6.6 
CM 7.776 6.237 2.260 2.516 4.854 -3.88 -3.88 -3.89 8.48 5.76 b 
T15 7.621 6.241 2.316 2.518 4.880 -4.02 -4.00 -4.01 8.14 5.43 6.8 
T16 7.611 6.253 2.381 2.523 4.869 -4.06 -4.04 -4.05 8.48 4.41 b 
T17 7.644 6.296 2.353 2.353 4.549 -3.99 -3.98 -3.98 b b -
(to be continued) 
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5513 Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
H6/H8 HI’ H2' H2" H3' '^P25°c ^'Pso'c '^P55°c VHI'H2' Vhi'H2" VH3’P 
T1 7 . 5 6 3 6 . 2 1 0 2 . 4 9 7 2 . 3 1 4 4 . 7 6 2 - - - ~ ~ b b l A ~ 
C2 7.772 6.244 2.283 2.536 4.866 -3.86 -3.86 -3.87 b b b 
T3 7.637 6.240 2.266 2.476 4.866 -4.01 -4.00 -4.01 b b 7.1 
C4 7.805 6.259 2.267 2.527 4.853 -3.89 -3.88 -3.90 b b b 
T5 7.607 6.258 2.309 2.494 4.853 -3.93 -3.96 -3.98 b b 6.8 
T6 7.442 6.009 1.969 2.273 4.764 -4.15 -4.05 -4.06 9.16 6.10 b 
G7 7.766 5.891 2.521 2.521 4.894 -4.17 -4.08 -4.10 b b 5.7 
G8 7.923 6.050 2.637 2.728 4.993 -4.09 -4.01 -4.02 8.82 5.76 5.6 
T9 7.282 5.993 1.844 2.256 4.769 -4.07 -4.03 -4.04 8.82 5.76 b 
AlO 8.272 6.306 2.719 2.779 4.963 -4.17 -4.11 -4.12 8.82 5.76 6.9 
C l l 7.480 6.023 1.840 2.295 4.764 -3.97 -3.91 -3.93 8.82 6.10 6.6 
A12 8.311 6.330 2.770 2.770 4.982 -3.99 -3.98 -4.00 b b 5.8 
T13 7.342 6.035 2.008 2.320 4.796 -4.11 -4.04 -4.06 8.82 6.10 6.6 
G14 7.935 6.116 2.670 2.771 4.980 -4.07 -4.03 -4.04 8.82 5.76 b 
T15 7.521 6.222 2.305 2.492 4.890 -4.07 -4.03 -4.04 b b 6.7 
T16 7.592 6.239 2.362 2.515 4.866 -4.04 -4.02 -4.04 b b b 
T17 7.637 6.289 2.351 2.351 4.545 -4.00 -3.97 -3.98 b b -
Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
5514 H6/H8 HI， H2' H2" H3' "Pso-c 'Jhvht Vm.Hr Vh3-p~ 
Tl T m T , 6 . 1 1 8 r ^ 4 . 6 9 9 - - - ^ ~ ~ ^ ^ M ~ 
G2 7.989 6.169 2.715 2.809 5.018 -4.02 -3.98 -3.98 8.48 6.10 b 
T3 7.510 6.178 2.280 2.468 4.880 -4.06 -4.05 -4.04 b b 6.9 
C4 7.789 6.242 2.269 2.540 4.860 -3.87 -3.88 -3.88 8.82 5.43 b 
T5 7.558 6.208 2.232 2.425 4.816 -4.05 -4.04 -4.04 b b 6.5 
C6 7.540 6.061 1.799 2.250 4.727 -3.90 -3.91 -3.92 8.82 6.10 b 
A7 8.157 6.155 2.592 2.665 4.948 -4.10 -4.05 -4.05 8.82 5.76 5.8 
G8 7.911 6.003 2.620 2.712 5.004 -4.20 -4.12 -4.11 9.16 5.43 b 
T9 7.484 6.238 2.276 2.479 4.860 -4.04 -4.01 -4.01 I) b b 
TIO 7.527 6.189 2.226 2.423 4.819 -4.05 -4.03 -4.03 b b 6.5 
CI 1 7.578 6.101 1.881 2.322 4.766 -3.89 -3.91 -3.90 8.48 5.76 6.6 
A12 8.319 6.340 2.754 2.807 4.996 -4.04 -4.01 -4.01 b b b 
T13 7.289 6.008 1.896 2.265 4.798 -4.07 -4.05 -4.05 8.48 5.76 6.4 
A14 8.325 6.347 2.769 2.821 5.010 -4.10 -4.07 -4.07 b b b 
T15 7.510 6.178 2.279 2.479 4.880 -4.09 -4.05 -4.06 b b b 
T16 7.581 6.228 2.346 2.494 4.860 -4.06 -4.04 -4.05 b b 6.4 
T17 7.632 6.288 2.349 2.349 4.544 -4.00 -3.99 -3.98 b b -
(to be continued) 
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Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
S S 1 5 H 6 / H 8 H I ’ H 2 ' H 2 " H 3 ' � C ^ ' P S O - C � C " H I ’ H 2 ’ V H I - H 2 " V H 3 ~ 
~ T l 7 . 3 9 2 6 . 0 6 4 1 . 8 8 5 2 . 3 0 8 4 . 6 8 1 - - - ^ ^ b 
A2 8.355 6.391 2.816 2.875 5.032 -4.01 -3.98 -3.98 8.82 6.10 b 
T3 7.456 6.181 2.243 2.433 4.847 -4.10 -4.06 -4.06 b b 6.7 
C4 7.759 6.213 2.236 2.492 4.814 -3.88 -3.89 -3.89 8.48 5.76 7.0 
T5 7.410 6.056 1.960 2.284 4.750 -4.04 -4.01 -4.02 8.82 5.76 6.2 
G6 7.781 5.663 2.436 2.436 4.862 -4.15 -4.09 -4.09 b b b 
A7 8.105 6.125 2.562 2.645 4.967 -4.04 -4.06 -4.05 9.49 5.43 5.4 
G8 7.893 5.971 2.611 2.678 4.991 -4.20 -4.11 -4.10 8.82 5.43 6.4 
丁9 7.405 6.156 2 . 1 8 0 2 . 3 9 1 4 . 8 0 1 -4.09 -4.06 -4.06 8 . 8 2 6 . 1 0 7.2 
CIO 7.580 6.119 1.923 2.333 4.745 -3.90 -3.91 -3.91 8.82 6.10 7.2 
G i l 7.798 5.776 2.496 2.496 4.899 -4.04 -4.00 -4.00 b b 5.6 
A12 8.297 6.352 2.760 2.814 5.037 -4.00 -4.03 -4.03 b b b 
T13 7.467 6.155 2.270 2.456 4.878 -4.08 -4.03 -4.03 b b b 
T14 7.588 6.213 2.306 2.481 4.875 -4.03 -4.01 -4.02 b b b 
T15 7.616 6.244 2.331 2.506 4.889 -4.04 -4.03 -4.03 b b b 
T16 7.616 6.266 2.380 2.530 4.872 -4.06 -4.04 -4.05 8.48 5.43 b 
T17 7.646 6.297 2.358 2.358 4.550 -4.00 -3.98 -3.98 b b -
Chemical Shift (ppm) Scalar Coupling Constant (Hz) 
Q Q I ^ - -—_ , I •• •••. - — -
H6/H8 HI， H2' H2" H3' '^P35°c '^Pso°c ^'Pss'c VHITO, Vm’Hr VH3’P 
~ n 6 1 1 6 J n 9 9 - - - 8 . 1 4 5.76 7,2 
T2 7.595 6.242 2.288 2.475 4.832 -3.98 -3.97 -3.97 b b b 
T3 7.608 6.256 2.372 2.526 4.887 -4.03 -4.02 -4.03 b b b 
C4 7.785 6.242 2.239 2.505 4.832 -3.88 -3.91 -3.91 8.48 5.76 b 
T5 7.368 5.996 1.849 2.207 4.741 -4.02 -4.01 -4.01 8.82 5.76 6.1 
A6 8.122 6.004 2.510 2.562 4.912 -4.18 -4.16 -4.16 8.82 6.10 5.6 
A7 8.090 6.053 2.530 2.593 4.954 -4.19 -4.15 -4.15 8.82 5.76 5.5 
G8 7.854 5.953 2.569 2.643 4.952 -4.15 -4.10 -4.10 8.82 6.10 6.0 
T9 7.310 6.020 1.935 2.214 4.744 -4.05 -4.03 -4.04 8.48 5.76 6.7 
GIO 7.758 5.848 2.472 2.472 4.870 -4.10 -4.08 -4.08 b b b 
G i l 7.776 5.754 2.489 2.489 4.917 -4.08 -4.06 -4.06 b b 6.1 
A12 8.267 6.337 2.770 2.770 5.022 -3.98 -4.00 -4.00 b b 5.8 
TI3 7.389 6.139 2.203 2.417 4.840 -4.12 -4.09 -4.09 8.82 6.10 b 
C14 7.740 6.242 2.224 2.484 4.832 -3.90 -3.88 -3.89 8.48 5.76 b 
CI 5 7.808 6.266 2.269 2.539 4.872 -3.88 -3.89 -3.90 8.14 5.43 b 
T16 7.626 6.260 2.338 2.521 4.872 -4.03 -4.02 -4.02 b b b 
T17 7.633 6.288 2.351 2.351 4.540 -3.99 -3.98 -3.99 b b -
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